Introduction
Organic solar cells (OSCs) have merits of potentiality of large area production, light weight and flexible [1] [2] [3] . One of issues for OSC is a lower efficiency. To realize the higher efficiency, bulk heterojunction structure [4] [5] [6] , material purification [7] , multi-step structure [8] [9] [10] , and synthesis of novel materials for active layer were reported. In a solution processed bulk heterojunction device with poly (3-hexylthiophene) (P3HT) as a donor and methanofullerene [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) as an accepter, precise control of bulk hetero structure and purification of materials and solution are necessary. On the other hand, small molecules with higher purity can be easily obtained by sublimation technique.
In this study, we have examined a graded junction structure into the vacuum processed device with successive composition change of the donor and the accepter materials using small molecules [11] [12] [13] .
Experimental
Graded junction solar cells are fabricated on indium tin oxide (ITO) coated glass substrate. The ITO surface is cleaned with a surfactant, an organic solvent, and a UV ozone treatment. Copper phthalocyanine (CuPc) as a donor material and fullerene (C 60 ) as an accepter material were used in this study. 2,9-dimethyl-4,7-diphenyl-1,10-phenenthroline (BCP) as an exciton blocking layer [14, 15] and silver (Ag) as a cathode were used. These organic layers and Ag cathode were evaporated under pressure of 2.0×10 -6 Torr. Substrate temperature was optimized at 50ºC. Graded junction layer of CuPc and C 60 was fabricated by varying the deposition rates of both materials. The deposition rates were monitored using two quartz oscillators. Deposition rate was changed between 0 and 1.0 Å/s for both of CuPc and C 60 . Image of compositional grading are shown in Figs. 1 (a) and (b). This method was identical to combinatorial molecular beam epitaxy [16] . Total thickness of organic layers was fixed at 60 nm. Typical device structure was ITO (200 nm)/ CuPc/ Graded layer/ C 60 / BCP (10 nm)/ Ag (100 nm). To improve carrier extraction, thin CuPc and C 60 layers were inserted at ITO/graded layer and graded layer/BCP interface, respectively. All measurements were carried out at room temperature in air. Current density vs voltage (J-V) characteristics were measured using a semiconductor parameter analyzer (HP 4155B) in the dark and under simulated AM1.5, 100 mW/cm 2 solar simulator (YAMASHITA DENSO YSS-E40). Open-circuit voltage V oc , short-circuit current density J sc , conversion efficiency η, and fill factor FF were evaluated from J-V characteristics under irradiation. The device area was 2×2 mm 2 .
(a) Next, thickness dependence of graded and C 60 layers were examined. Thickness of CuPc was fixed at 10 nm. Device structures were ITO/ CuPc (10 nm)/ Graded layer (x nm)/ C 60 (50-x nm)/ BCP/ Ag. Efficiency was maximum at the thickness of graded layer of 35 nm. On the other hand, FF values show opposite tendency. It is assumed that dramatically increment of J SC was due to increment of carrier extraction from donor/acceptor interface nevertheless the decrement of FF and shunt resistances (R sh ).
Conclusions
We had investigated organic thin-film solar cells with graded heterostructure for active layer. Device characteristics were improved by optimization of the thickness of graded layer. Graded structure is effective for high performance OSCs. 
